The morphology and frequency of collaterals originating from single afferents supplying primary endings of muscle spindles in dorsal neck muscles have been examined using intraaxonal injections of HRP. Within the segment in which the afferent entered the spinal cord, one collateral was found for every 3.3 mm of stained axon. In contrast, afferentsone of more segments rostra1 to the segment in which they entered the spinal cord-had fewer collaterals: One collateral was found for every 6.3 mm of stained axon. The branching structure and terminal distribution of the collaterals were generally similar regardless of the muscle from which the afferent originated and the segment in which the collateral was found. Boutons were found in 2 zones: One of these was located in the intermediate zone, within and around the central cervical nucleus, and the other was found in laminae VIII and IX, including the motoneuron nuclei. The ventral termination zone of collaterals in the same segment as their parent axon entered the spinal cord was larger and had more boutons than the same projection of collaterals whose parent axon entered the spinal cord 1 or 2 segments caudal to the segment in which the collateral was found. These results indicate that afferents supplying primary endings of neck muscle spindles are more likely to contact neurons in the same segment in which the afferent enters the spinal cord than in more rostra1 segments. However, even within the same segment in which the afferent enters the spinal cord, the projection of neck muscle afferents to the ventral horn is less dense than the corresponding projection of hindlimb muscle spindle afferents in the lumbosacral spinal cord.
The morphology and frequency of collaterals originating from single afferents supplying primary endings of muscle spindles in dorsal neck muscles have been examined using intraaxonal injections of HRP. Within the segment in which the afferent entered the spinal cord, one collateral was found for every 3.3 mm of stained axon. In contrast, afferentsone of more segments rostra1 to the segment in which they entered the spinal cord-had fewer collaterals: One collateral was found for every 6.3 mm of stained axon. The branching structure and terminal distribution of the collaterals were generally similar regardless of the muscle from which the afferent originated and the segment in which the collateral was found. Boutons were found in 2 zones: One of these was located in the intermediate zone, within and around the central cervical nucleus, and the other was found in laminae VIII and IX, including the motoneuron nuclei. The ventral termination zone of collaterals in the same segment as their parent axon entered the spinal cord was larger and had more boutons than the same projection of collaterals whose parent axon entered the spinal cord 1 or 2 segments caudal to the segment in which the collateral was found. These results indicate that afferents supplying primary endings of neck muscle spindles are more likely to contact neurons in the same segment in which the afferent enters the spinal cord than in more rostra1 segments. However, even within the same segment in which the afferent enters the spinal cord, the projection of neck muscle afferents to the ventral horn is less dense than the corresponding projection of hindlimb muscle spindle afferents in the lumbosacral spinal cord.
Despite the remarkably large number, and correspondingly high density, of muscle spindles found in dorsal neck muscles compared with most other muscles in the cat ) it has been difficult to discern the effects that muscle spindle afferents have at the level of the upper cervical spinal cord. Electrophysiological experiments have shown that low-threshold neck muscle afferents either have a less potent effect or do not participate in classical segmental pathways that have been demonstrated in the lumbosacral spinal cord. For example, stimulation of upper cervical (C2-C4) dorsal roots does not usually evoke a perceptible reflex discharge in the corresponding ventral roots Ezure et al., 1978) . Intracellular recordings from dorsal neck motoneurons-biventer cervicis (BC), complexus (CM) and splenius (SP)-have revealed a monosynaptic connection (Wilson and Maeda, 1974; Anderson, 1977) , but the EPSPs evoked by electrical stimulation of low-threshold neck muscle afferents are small (mean amplitude, 400 kV: Rapoport, 1979 ; 350-3 100 pV: Brink et al., 198 1) compared with those observed in hindlimb motoneurons (2.0-12.0 mV: Eccles et al., 1957) . Furthermore, muscle afferents from SP evoke EPSPs only in those SP motoneurons that lie in the same segment as their dorsal root entry and in those that lie in more rostra1 segments (Brink et al., 198 1) . This asymmetric distribution of the monosynaptic connection is more distinct than the homonymous connections of nerves innervating different regions of individual hindlimb muscles (Botterman et al., 1983a, b; Lucas and Binder, 1984; Vanden Noven et al., 1986) .
Not only are the direct connections between neck muscle afferents and motoneurons unusual, but several polysynaptic connections appear to be absent in the upper cervical spinal cord. Specifically, it has not been possible to demonstrate crossed disynaptic inhibition (Anderson, 1977) in neck muscle motoneurons or a reciprocal inhibitory link between dorsal neck muscle afferents and motoneurons innervating their antagonist, sternocleidomastoid (Rapoport, 1979) .
Anatomical studies have provided more positive, yet limited information regarding the spinal targets of neck muscle spindle afferents. Afferent projections to the upper cervical spinal cord have been extensively studied with degeneration techniques in a variety of species (cat: Ranson et al., 1932; Escolar, 1948; Szentagothai, 1948; Imai, 1964; Imai and Kusama, 1969; Wiksten and Grant, 1983; Takahashi et al., 1985; monkey: Corbin et al., 1937; Shriver et al., 1968; rabbit: Yee and Corbin, 1939) . However, since the entire dorsal root was severed, these experiments revealed the terminal distribution ofafferents originating from many different types of sensory receptors in both muscle and skin. The recent introduction of transganglionic transport of HRP enabled Abrahams et al. (1984b) and Nyberg and Blomqvist (1984) to label selectively the central projections of afferents that originate from dorsal neck muscles. These studies demonstrated that muscle afferents from BC and CM project to the intermediate region of the gray matter, within and around the central cervical nucleus (CCN). The projections of afferents supplying deep neck muscles have a similar distribution (Ammann et al., 1983; Bakker et al., 1984) and are consistent with and Rose -Segmental Projections of Neck Muscle Afferents the results of electrophysiological studies demonstrating monosynaptic connections from low-threshold neck muscle afferents onto neurons in and around the CCN (Hirai et al., 1978 (Hirai et al., , 1984 Abrahams et al., 1979) . However, afferent projections to the ventral horn could not be assessed using transganglionic transport of HRP because the afferent terminals could not be distinguished from the axonal and dendritic profiles of motoneurons that had been retrogradely labeled (Abrahams et al., 198413) . Moreover, the projections ofafferents innervating different types of muscle receptors could not be distinguished.
In the present experiments, the morphology of the intraspinal projections of single, identified neck muscle spindle afferents was examined using intra-axonal injections of HRP. This techniaue has movided detailed descriDtions of the structure of identified muscle afferents in the lumbosacral spinal cord Fyffe, 1978, 1979; Ishizuka et al., 1979; Conradi et al., 1983; Tracey and Walmsley, 1984; Hongo et al., 1987) and dorsal column nuclei (Fyffe et al., 1986) . Recently, Hirai et al. (1984) , as part of a study of the peripheral input to spinocerebellar tract cells in CCN, briefly described the structure of severa1 collaterals of single neck muscle afferents intracellularly stained with HRP. These afferents were excited by low-threshold electrical stimulation of nerves innervating BC, CM, or SP and, therefore, likely originated from primary endings of muscle spindles. The axons gave rise to collaterals that terminated in the CCN and ventral horn. We have used different criteria to identify afferents from primary endings of muscle spindles and have confirmed the observations of Hirai et al. (1984) . In addition, we have compared the frequency of collaterals and the 3-dimensional distribution and density of boutons on collaterals in segments at the same level and rostra1 to the segment where the afferent entered the sDina1 cord. Preliminarv accounts of some tamed at 3.5-4.0% by adjusting tidal volume and respiratory rate. Dextran (Macrodex, Pharmacia, 6%) or lactated Ringers (Baster, Travenol) were often infused intravenously. Rectal temperature was monitored and maintained at 37 f 1°C with a feedback-controlled heating pad. Intra-axonal injections of HRP. Glass microelectrodes (Kwik-Fil, W.P. Instrument) were back-filled with lo-20% HRP (Boehringer) in 0.05 M Tris-HCl buffer to which was added KC1 to a final concentration of 0.2 M KC1 (Snow et al., 1976) . One drop of wetting solution (Photoflo 200, Eastman-Kodak Co.) was added to X-70 J ofthe HRP solution (Deschenes et al., 1979) and the electrode tips were immersed in the KCl-Tris solution overnight to facilitate complete filling of the tips. The electrodes were then beveled (Sutter Instrument Co.) to yield tips with a diameter of l-2 pm. The initial DC resistances ofthese electrodes ranged from 3-13 MQ.
Intra-axonal recordings were made in the dorsal columns just medial to the dorsal root entry zone ofC2, C3, and C4. The spontaneous activity of each neck muscle afferent was recorded on FM tape, and the mean and range of instantaneous discharge frequencies we&determined from interspike interval histograms compiled over l-3 sec. For several reasons it was not possible to identify afferents from primary endings of muscle spindles according to the conventional criteria (Matthews, 1972) such as their responses to muscle stretch or muscle contraction. Intraaxonal penetrations could not be maintained during contraction or manipulation of the neck muscles due to the close proximity of dorsal neck muscles and the vertebral column. Moreover, the conduction velocity of afferents innervating primary and secondary endings of muscle spindles in BC and CM overlap . Therefore, axons were considered to innervate primary endings of neck muscle spindles if (1) they were directly excited by stimulation of a neck muscle nerve, (2) they were tonically active when the muscles were at or below resting length, and (3) their instantaneous discharge frequency varied bv 6% or more of the mean freauencv when the muscles were at or below resting length. It is well established that neck muscle spindle afferents are spon&eously active at their resting length Abrahams et al., 1984a; Price and Dutia, 1987) . Afferents from other receptors, including Golgi tendon organs, do not fire tonically unless the muscle is subjected to large stretches. Thus, the oresence oftonic activitv is a simnle means ofidentifvina muscle swindle afferents. Furthermore. 'Richmond and Abrahams ?19?'9) have found that most neck muscleafferents with a variability of'instantaneous discharge frequency in excess of 4.5% have responses to ramp and hold stretches typical of primary endings of muscle spindles. The only other afferents with a variability of instantaneous frequency in this range have responses to ramp and hold stretches with "intermediate" characteristics and arise from primary endings of bag, muscle spindles Richmond et al., 1986; Price and Dutia, 1987) . The variability of instantaneous discharge frequency therefore provides a convenient means of distinguishing between primary and secondary endings that can be used in circumstances, such as the present experiments, where conventional stimuli (i.e., ramp and hold stretch) cannot be used. The variability of instantaneous discharge frequency was calculated by determining the maximum deviation of instantaneous discharge frequency from the mean discharge frequency and expressing it as a percentage of the mean frequency, as described by Richmond and Abrahams (1979) . The afferents described in this study had mean instantaneous discharge frequencies of 18-63 spikes/set and a variability of instantaneous discharge frequency of 646% of the mean.
1 , of the results of this study have been reported previously (Keirstead and Rose, 1983a Rose, , 1984 Rose and Keirstead, 1986 ).
Materials and Methods
Surgical preparation. Data were obtained from 22 adult cats (2.4-4.4 kg) that were anesthetized either with alpha-chloralose (70 mg/kg, i.v.) following induction with ethyl chloride and ether or with sodium pentobarbital (Somnotol, MTC; 35 mg'kg, i.p.; supplementary doses, 5 mg/ kg, i.v., were administered to maintain anesthesia). The dorsal neck muscles were separated by an incision along the midline ligament and gently retracted to expose the cervical vertebral column. Care was taken to minimize trauma to the large dorsal and lateral neck muscles throughout this procedure. A laminectomy was performed from Cl to C5, and the head and vertebral column were secured in a stereotaxic and spinal frame. The spinal cord was submerged in silicone oil warmed to 37°C. The C2, C3, and C4 nerve branches to SP, BC, and CM, respectively, were isolated bilaterally, and each was placed on bipolar stimulating electrodes. The segmental nerves supplying BC and CM travel together Abrahams et al., 1984a) and are difficult to separate with certainty and without causing damage. As a result. the afferents that were directlv excited bv stimulation of nerve branches to BC and CM will be referred to as BCCM afferents.
The cats were paralyzed with gallamine triethiodide (Flaxedil, Poulent; 2.5-5.0 mg/kg/hr) and artificially respirated. The dose of Flaxedil was equal to that reported to produce intrafusal and extrafusal blockade HRP was iontophoretically injected into identified axons with 3-l 5 nA positive current pulses of 450 msec duration, delivered at 2 Hz for 3-37 min. The membrane potential, which was monitored during the off-cycle, often deteriorated from -40 to -60 mV to -10 to -20 mV over-the' time course of the injection. The electrode was presumed to be intra-axonal as long as an action potential was evoked at the beginning of each depolarizing current pulse. Injection sites were separated by at least 2 mm to avoid extensive overlap of collaterals from different axons. in hincllimb muscle (Carli et al., 1967) . Although Chan et al. (1987) Histological methods. Three to fourteen hours after the first injection have recently found that injections of 3 mg/kg/hr of gallamine triethioof HRP, 25,000 IU of heparin was administered intravenously, foldide may fail to block intrafusal activity completely in perivertebral lowed, several minutes later, by an overdose of sodium pentobarbital. muscles, we found no relationship between the degree of variability of Saline or dextran (600 ml) was immediately perfused through the asinstantaneous frequency (an index of intrafusal block, cf. Matthews and cending. aorta. followed bv a 30 min infusion of 1.5-2.5 liter of fixative Stein, 1969) and the time at which the gallamine triethiodide was adconsist&g of '1.25% glutaraldehyde, 1% paraformaldehyde, and 0.2% ministered. Hence, in the present experiments, blockade of intrafusal dimethylsulfoxide in 0.1 M phosphate buffer (pH 7.3). The upper cervical activity appeared to be complete and stable. A bilateral pneumothorax spinal cord was excised and stored in fixative overnight at 2+C. The was performed to reduce respiratory-related movements. End-tidal %CO, spinal cord was cut into l-to 2-cm-long blocks, which were then embedwas monitored with a medical gas analyzer (LB-2, Beckman) and mainded in 7% agar. Serial, 75-pm-thick sections were cut in the sagittal plane using a vibratome (Oxford). The sections were collected in 0.1 M phosphate buffer (pH 7.3) treated with cobalt chloride (Adams, 1977) and incubated for 30-90 min in either a solution of B-D-glucose, glucose oxidase, ammonium chloride, and diaminobenzidene tetrahydrochloride (DAB) in 0.1 M phosphate buffer (Itoh et al., 1979) or a solution of DAB and hydrogen peroxide in 0.1 M cacodylate buffer (Graham and Karnovsky, 1966) .
Following incubation, sections were mounted on gelatine-coated slides and allowed to air dry overnight. The tissue was dehydrated in absolute alcohol, cleared in xylene, and coverslipped using a synthetic mounting medium (Permount, Fisher). Previous studies using these histological procedures have shown that tissue shrinkage does not exceed 6% (Rose, 198 l) , and therefore no correction was made for shrinkage.
Morphological analysis. Low-power drawings (x 125) were made of the parent axon in the dorsal funiculus using a x 10 objective on a Wildieitz microscope equipped with a camera lucida drawing attachment.
Intercollateral distances were obtained from these drawings using a cartographer's plan measure.
The collaterals of single afferents were reconstructed from 1 O-26 serial sections. All stained profiles on each section were drawn at a magnification of x 125 using a x 10 dry objective. With these low-power drawings as a guide, detailed drawings were made at a magnification of x 500 using a x40 oil objective (NA 1.3). Points at which axonal profiles entered or left the section were color-coded so that the appropriate axonal profiles from adjacent sections could be matched to prevent loss of branches in the reconstruction process. The drawings of 3-5 sequential sections were combined to yield a composite drawing, of which there were 2-3 for each collateral. These composite drawings were traced onto transparent acetate film with ink, overlayed on a back-lit screen, and photographed with a large-format camera equipped with a long focal length lens (Sinar F 4 x 5) and high-contrast film (Kodalith ortho film, Type 3).
Using the criteria established by Conradi et al. (1983) in combined light and electron microscopic studies on hindlimb muscle afferent collaterals, swellings of the axon collaterals that exceeded the diameter of the adjacent axonal shaft more than 2-fold were considered to be synaptic boutons. The distribution of boutons in the sagittal plane was determined from the sagittal reconstructions at x 500. The distribution of boutons in the transverse plane was obtained by determining the dorsal-ventral position of each bouton using the gray-white borders visible in each of the sagittal sections as landmarks. The mediolateral position was determined by the section number and the depth at which each bouton was located within the section.
Results
Branching pattern of axons in the dorsal funiculus The axons of 32 afferents (15 SP, 17 BCCM) were examined using low-power ( x 125) reconstructions. These were stained for 1.3-15.0 mm along their course within a narrow region of the dorsal funiculus just medial to the dorsal roots (see also Abrahams et al., 1984b) . Most afferents (18/20) that could be traced to their dorsal root entry bifurcated almost immediately upon entering the dorsal funiculus. One of these branches invariably ascended in the dorsal funiculus, while another branch descended in the dorsal funiculus (Fig. 1) . The descending branch of 3 afferents turned ventrally and terminated as a collateral within the same segment in which the afferents entered the spinal cord (e.g., Fig. 14 . Although other descending branches could be traced to the caudal end of the segment in which the afferent entered the spinal cord (e.g., Fig. lj) , the HRP reaction product faded as the branches entered the next segment. In 2 cases the afferent turned rostrally to ascend in the dorsal funiculus and did not give rise to a descending branch (e.g., Fig. la) .
Collaterals arose at irregular intervals from both the ascending and descending branches, and in one case, from the afferent before it branched (Fig. lb) . Adjacent collaterals were separated by distances that ranged from 0.56 to 5.60 mm (mean, 2.50 mm). This may overestimate the frequency of collaterals, however, since 7 of the 32 afferents that were examined gave rise to one or no collaterals over lengths of 1.3-14.0 mm (e.g., Fig.  1 e) , and thus no measurement of intercollateral distance could be obtained. The average frequency of collaterals was therefore also calculated by dividing the combined lengths of all wellstained axons by the total number of collaterals observed. This calculation indicated that a collateral arose, on average, every 3.7 mm (80 collaterals over 293.83 mm of stained axon).
The calculated values of collateral frequency (total length of stained axon/number of collaterals) revealed differences between SP and BCCM afferents, as well as differences between afferents stained in segments rostra1 to their site of dorsal root entry versus those stained in the same segment as their dorsal root entry (Table 1) . Afferents from SP gave rise to a collateral every 3.2 mm, whereas collaterals arose from BCCM afferents every 4.4 mm. This is a reflection of the fact that all 7 afferents that had fewer than 2 collaterals were from BCCM. In addition, the collateral frequency of afferents from all muscles was approximately twice as great on axons that were stained in the same segment as their site of dorsal root entry (1 collateral13.3 mm) than on those stained in more rostra1 segments (1 collateral/6.3 mm). This is partially because all 3 axons that did not give rise to any collaterals were stained l-2 segments rostra1 to their site of dorsal root entry. Conversely, 18 of the 20 afferents that were stained near their site of dorsal root entry gave rise to l-4 collaterals within 1 mm of the dorsal root entry (e.g., Fig. 1, a, b, d, g, i) . In 12 of these 18 afferents, l-3 collaterals originated at the junction of the ascending and descending branches (e.g., Fig. 1, d, g, j) . Although no major differences were observed between the calculated values of collateral frequency on ascending branches (1 collateraV3.8 mm) versus those on descending branches (1 collateraV3.2 mm) in the total population or in the population of SP afferents (1 collateral13.0 mm on ascending branches versus 1 collateraV3.7 mm on descending branches), afferents from BCCM gave rise to collaterals approximately twice as often on descending branches (1 collateral/ 2.0 mm) than on ascending branches (1 collateraV4.8 mm).
Morphology of collaterals
The branching structure and terminal distribution of 10 wellstained collaterals (5 SP, 5 BCCM) from 9 afferents were examined in detail. The arborizations of 2 additional BCCM collaterals were partially reconstructed at high power ( x 500), while 4 other collaterals (2 SP, 2 BCCM) that were faintly stained were reconstructed at low power (x 125). These low-power reconstructions were used only in a general analysis of distribution pattern.
The branching structure and terminal distribution of neck muscle afferent collaterals were generally similar regardless of the muscle from which the afferent originated. Consequently, the following description applies to all collaterals except where otherwise stated. From their origin on the parent axon, collaterals projected ventrally and, in some cases, rostrally through the dorsal funiculus (Figs. 2-5 ) and entered the gray matter via the medial border of the base of the dorsal horn. Along their course within the dorsal funiculus or within the intermediate zone of the gray matter, all collaterals divided into 2 or 3 large branches. Each of these large branches usually bi-or trifurcated within the medial part of the intermediate zone and gave rise to many fine terminal or preterminal branches that had boutons en passant and terminale (Fig. 6A) . The dimensions of the boutons, which usually appeared ovoid and occasionally spherical, Table 2 ), but the majority of boutons was confined to a smaller longitudinal zone, usually less than 700 pm long. Because of their usually wide separation, adjacent collaterals were rarely well stained. However, 2 collaterals, 600 Km apart, from one axon were reconstructed (Fig. 16) . The termination zones of these collaterals in the area of the CCN did not overlap. The termination zone in the CCN contained 87-658 boutons and consisted of 34-86% (average, 6 1%) of the total number of boutons on a single collateral ( Table 2) When more than one large collateral branch projected to the ventral horn, the terminal arborizations of the different branches overlapped. As they coursed from the intermediate zone, large-diameter branches gave rise to several fine terminal branches, which often projected rostrally or caudally from their origin on the parent branch. In addition, the larger branches often divided into 2-5 fine branches at a single node (Fig. 6B) . At least one, and often several, of these branches projected ventrally to the ventral gray-white border, where they turned to run rostrally and caudally. Only rarely were branches or boutons found in the white matter. Most of the branches in the ventral horn projected for long distances, Collateral frequency (mm/collateral) 4.8 2.0 3.8 6.5 4.4
u All collaterals at the junction of the ascending and descending branch (n = 12) were assigned to the ascending branch (SP, n = 7; BCCM, n = 5).
C2 SP in C2 . . u Each collateral is classified according to the segment in which its parent axon entered the spinal cord and the muscle innervated by the parent axon (i.e., C2 SP). The segmental location of each collateral is also indicated (i.e., in C2).
zation of the 2 adjacent collaterals described earlier shared a zone approximately 1000 pm long. Despite the wider distribution of arborizations in the ventral horn, the number of boutons was comparable to that observed in the intermediate region ( Table 2 ). The dimensions of boutons in the ventral horn were similar to those in the intermediate zone and ranged from 0.8 x 1.6 pm to 2.0 x 6.4 Km (mean &SD, 1.8 -t 0.6 x 2.9 f 1.0 4. The distribution of boutons in the ventral horn partially depended on the source of the afferent. Most collaterals from BCCM afferents terminated in the medial half of the ventral horn (Fig.  7) , where dendrites of BC, CM, and SP motoneurons are found (Rose, 198 1; Keirstead and Rose, 1983b) . Some boutons of one of the 5 BCCM collaterals examined, however, were found more centrally and laterally. In cases where the ventral horn projection was extensive, the boutons were concentrated in the ventromedial nucleus, where many cell bodies of BC and CM motoneurons lie (Richmond et al., 1978; Rose, 198 1; Abrahams and Keane, 1984) . Although collaterals from SP afferents projected to these regions as well, their collaterals tended to have more branches that projected ventrolaterally from the CCN and to arborize in the central and/or lateral parts of the ventral horn (Fig. 8) .
The complexity of the collateral arborizations in the ventral horn appeared to be related to the distance of the collateral from its segment of dorsal root entry. Collaterals in the same segment as their dorsal root entry gave rise to more complex networks Collaterals in the same segment as their dorsal root entry point had a significantly greater rostral-caudal extent in the ventral horn than collaterals in more rostra1 segments (p = 0.005; MannWhitney U test; see Table 2 ). Furthermore, the number of boutons in the ventral horn, as well as the total number of boutons per collateral, were both significantly greater on collaterals located in the same segment as their dorsal root entry than on collaterals in more rostra1 segments (p = 0.019 and p = 0.01 respectively; Mann-Whitney U test).
from an axon in the C4 BCCM nerve branch. Right, Distribution, in
Discussion
Organization of collaterals in the transverse plane
The results of this study, together with earlier observations of a smaller sample of neck muscle afferents (Hirai et al., 1984) , indicate that afferents from primary endings of neck muscle spindles project to the intermediate zone of the gray matter, within and around the CCN, and to lamina VIII and IX. Slightly over half of the boutons of all of the collaterals examined were concentrated in the region of the CCN. Thus, at least some of the projections of neck muscle afferents to this region that have been demonstrated using transganglionic transport of HRP (Abrahams et al., 1984b; Nyberg and Blomqvist, 1984) originate from afferents which innervate primary endings of neck muscle spindles.
Although elements postsynaptic to stained axons could not be identified in the present studies, the distribution of boutons in the region of the CCN and ventral horn is consistent with the results of electrophysiological studies in which monosynaptic EPSPs were evoked in spinocerebellar tract neurons in CCN (Hirai et al., 1984) and motoneurons innervating SP, BC, and CM (Wilson and Maeda, 1974; Anderson, 1977; Brink et al., 198 1) . The electrophysiological studies also demonstrated that afferents from SP and BCCM rarely converge on the same spinocerebellar tract neurons in CCN or dorsal neck motoneurons. Yet it is apparent from the present study that the terminal arborizations of collaterals from SP afferents overlap extensively with those of BCCM afferents, both in the CCN and the ventral horn. This type of specific connectivity, in spite of anatomical overlap, has been observed in other regions of the spinal cord, including the brachial spinal cord of the bullfrog (Lichtman and and the lumbosacral spinal (Brown and Fyffe, 1978; Ishizuka et al., 1979) , it becomes clear cord of the cat (Scott and Mendell, 1976; Ishizuka et al., 1979) .
that the ventral horn projections of hindlimb muscle a&rents If our morphological data are compared with similar data on are more extensive than those of neck muscle spindle afferents afferents supplying hindlimb muscle spindle primary endings (Fig. 9) . Based on the average intercollateral distance (1 mm)
400 urn Figure 7 . Distribution, in the transverse plane, of boutons from single collaterals from 3 BCCM afferents. The borders between adjacent laminae were drawn according to figures by Rexed (1954) . SAN, spinal accessory nucleus; VMN, ventromedial nucleus. Brown and Fyffe (1978) and Ishizuka et al. (1979) .
and number of boutons per collateral (136 boutons/collateral), the average density of boutons from hindlimb muscle afferents in the ventral horn is 136 boutons/mm. This density is considerably greater than the richest projection of neck muscle afferents, which is 61 boutons/mm (1 collateral13.3 mm; 200 boutons/collateral) in the same segment as the afferents' dorsal root entry. Although this difference might explain the small amplitude of monosynaptic EPSPs that have been recorded in neck motoneurons (Rapoport, 1979; Brink et al., 1981) compared with those observed in hindlimb motoneurons (Eccles et al., 1957) other factors, such as a higher density of motoneurons or a smaller number of active zones per bouton, could also lead to smaller monosynaptic EPSPs in neck motoneurons.
While most of the electrophysiological studies describing the potential targets of muscle spindle afferents of dorsal neck muscles have been concerned with connections to spinocerebellar tract neurons and motoneurons, the connections of these afferents need not be restricted to these cells. Several other types of neurons have been identified in the upper cervical spinal cord which lie in the same region as the zones occupied by boutons of afferents from primary endings of neck muscle spindles. Some of the neurons project to the dorsal column nuclei (Rustioni and Kaufman, 1977) ; to the inferior olivary complex (BuisseretDelmas, 1980; Richmond et al., 1982) ; to the thalamus (Carstens and Trevino, 1978; Comas and Snow, 198 1) ; to the reticular formation (Corvaja et al., 1977; Elisevich et al., 1985) ; to the cerebellum, from neurons outside the CCN (Matsushita et al., 1979a; Matsushita and Hosoya, 1982) ; and to caudal spinal segments (Molenaar and Kuypers, 1978; Matsushita et al., 1979b; Grant et al., 1980) . Indeed, it has recently been reported that some short C3-C4 and long C3-C5 propriospinal neurons are monosynaptically excited by neck afferents that enter in the C2 dorsal root (Illert et al., 1978; Alstermark et al., 1987) . Except for short C3-C4 propriospinal neurons that apparently do not receive direct connections from dorsal neck muscle afferents, the possibility of monosynaptic connections between dorsal neck muscle afferents and neurons other than motoneurons and neurons in CCN has not been explored.
Organization of collaterals in the longitudinal plane Some afferents either did not project caudally from their site of dorsal root entry, or the descending branch turned ventrally before reaching the caudal end of the segment in which the afferent entered the spinal cord and terminated as a collateral. These findings are consistent with the observations of Brink et al. (198 l) , who reported that low-intensity stimulation of dorsal neck muscle afferents from SP did not evoke EPSPs in segments caudal to the entry of the excited afferents. It should be emphasized, however, that other axons likely continued into the segment caudal to their segment of dorsal root entry. Since staining intensity of intra-axonally labeled axons decreases with distance from the injection site, it was impossible to trace these axons to their caudal destination. Thus, it is possible that a significant proportion of muscle afferents from dorsal neck muscles do have long caudal projections. These afferents may contribute to the short-latency responses recorded in spinocerebellar neurons in CCN following stimulation of muscle nerves that lay l-2 segments rostra1 to the location of the spinocerebellar neurons (Hirai et al., 1984) . This characteristic of dorsal neck muscle afferents may be a feature of afferents from other neck muscles as Suzuki et al. (1986) has recently reported monosynaptic connections from perivertebral neck muscle afferents in the C2 ganglion to neurons in C4.
It is clear from our studies, as well as from recent electrophysiological studies (Brink et al., 1981; Hirai et al., 1984) that the principal focus of neck muscle afferent projections is in the segment at which the afferent enters the spinal cord. Collaterals were seen more frequently in the same segment as the afferent's dorsal root entry, than in other, more rostra1 segments (Fig. 9) . The results of Hirai et al. (1984) are consistent with these observations, and perhaps are a direct consequence of this arrangement. These authors reported that stimulation of lowthreshold muscle afferents evoked monosynaptic excitatory responses more frequently in spinocerebellar neurons in the CCN that were in the same segment in which the afferents enThe Journal of Neuroscience, September 1988, 8(9) 3425 tered the svinal cord than in svinocerebellar neurons that were in the CCN in other segments. The importance of segmental location was most notable with respect to the ventral horn projections (Fig. 9) . Collaterals that were in the same segment as the afferent's dorsal root entry had more complex arborizations in the ventral horn, spread farther in the longitudinal plane, and had more boutons than collaterals that were in more rostra1 segments. This, together with the higher incidence of collaterals, results in denser muscle spindle afferent projections within the segment ofthe afferent's dorsal root entry. Because of a lower frequency of collaterals (l/6.3 mm vs. l/3.3 mm) and fewer boutons/collateral (75 vs. 200) , the average density of boutons is only 12 boutons/mm in segments rostra1 to the afferent's dorsal root entry, compared with 6 1 boutons/mm in the same segment as the afferent entered the spinal cord. These estimates may explain the observations of Brink et al. (198 l) , who reported that low-intensity stimulation of individual branches of neck muscle nerves evoked larger EPSPs in motoneurons in the same segment as the dorsal root entry of the afferents than did stimulation of caudal nerve branches. tentials in the motor nucleus of the cat semitendinous muscle. J. Physiol. (Lond.) 330: 379-393. Brink, E. E., K. Jinnai, and V. J. Wilson (1981) Approximately 80% of the axons we examined gave rise to at least one collateral within 1 mm of the dorsal root entry point. This suggests that connections may also be selectively arranged within the segment of dorsal root entry, such that those neurons closest to the site of dorsal root entry are most likely to be contacted. There is electrophysiological evidence that this type of preferential distribution of Ia effects exists in the lumbosacral spinal cord (Luscher et al., 1984) , but this possibility has not been examined systematically in the upper cervical spinal cord.
